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Inhibition of the transcription factor nuclear factor
(NF)-kB activity leads to a reduction in numbers of
CD8+ single-positive (SP) thymocytes, suggesting
a selective role for NF-kB in these cells. To further ex-
plore the role of NF-kB in SP thymocytes, we utilized
transgenicmodels that allowedeither inhibitionor ac-
tivation of NF-kB. We showed that activation of NF-
kB played an important role in the selection of major
histocompatibility complex (MHC) class I-restricted
CD8+ T cells. Surprisingly, NF-kB was not activated
in positively selected CD4+ thymocytes, and inhibi-
tion of NF-kB did not perturb positive or negative se-
lection of CD4+ cells. However, enforced activation of
NF-kB via a constitutively active inhibitor of kB (IkB)
kinase transgene led to a nearly complete deletion
of CD4 cells by pushing positively selecting CD4+
cells into negative selection. These studies therefore
revealed a surprising difference of NF-kB activation
in CD4+ and CD8+ thymocytes and suggested that
NF-kBcontributes to the establishment of thresholds
of signaling that determine positive or negative selec-
tion of thymocytes.
INTRODUCTION
The development of T cells in the thymus is an ordered progres-
sion of differentiation and proliferation events (von Boehmer,
1992). Gene knockout experiments show that this developmental
pathway is regulatedbyseveral transcription factorsandsignaling
pathways (Rothenberg and Taghon, 2005). The majority of these
regulators play ongoing roles throughout T cell development;
however, their specific effects can vary fromonestage to another.
The various stages of thymocyte differentiation have been
characterized through the expression of specific cell-surface
markers. For T cells, the coreceptors CD4 and CD8 provide
the most convenient markers to separate distinct developmental
stages (von Boehmer, 1992). The most immature thymocytes,
which lack expression of both CD4 and CD8 (CD4CD8 dou-ble-negative [DN] cells), develop into an intermediate CD4+CD8+
double-positive (DP) stagebeforematuring intoCD4+orCD8+sin-
gle-positive (SP) cells. In aprocess termednegative selection,DP
thymocytes that express rearranged receptors that recognize
peptides derived from self-antigens bound to self-MHC are de-
leted (Palmer, 2003). In contrast, thymocytes with receptors
that fail to recognize self-MHC die by a process termed death
by neglect (Egerton et al., 1990). However, thymocytes that
bear receptors that associate with peptide-bound self-MHC
with moderate affinity are selected for further development
through the process of positive selection (Hollander et al.,
2006). The different fates of the developing thymocytes are be-
lieved to be determined by the strength (Hogquist, 2001) and/or
duration (Brugnera et al., 2000) of the signal from the T cell recep-
tor, and hence understanding the molecular events that deter-
mine these signal attributes, and subsequent transcriptional
events in developing thymocytes, is crucial for further under-
standing T cell development. Indeed, recent studies have identi-
fied a specific group of T cell transcription factors and regulatory
proteins that are used in the late stages of thymocyte develop-
ment and lineage choice, including GATA-3 (Hernandez-Hoyos
et al., 2003); Runx-1 and Runx-3 (Taniuchi and Littman, 2004;
Taniuchi et al., 2002; Woolf et al., 2003); Th-POK (He et al.,
2005;HeandKappes, 2006); theNotchproteins and their effector
molecule RBPSuH (Tanigaki et al., 2004); E2A, HEB (bHLH fac-
tors), and their antagonists Id2 and Id3 (Barndt et al., 2000);
and, possibly, members of the Ikaros family (Georgopoulos,
2002). However, the exact mechanism bywhich these regulators
may function and interact during thymocyte development still
remains elusive.
What is clear, however, is that engagement of T cell antigen
receptors leads to activation of several transcription factors, in-
cluding AP-1, NFAT, and NF-kB, which influence this key immu-
nodevelopmental process (Serfling et al., 1995). Prior studies
show that inhibition of NF-kB in transgenic mice via mutant
IkBa leads to amarked reduction in the number of SPCD8+ cells,
in both the thymus and the periphery (Hettmann and Leiden,
2000;Mora et al., 1999). More recently, conditional deletion of ei-
ther the inhibitor of kB kinase b (IKKb) or NF-kB essential modu-
lator (NEMO, otherwise known as IKKg) has also been shown to
lead to a dramatic loss of CD8+ T cells (Schmidt-Supprian et al.,
2003). Although these results are consistent with a prosurvivalImmunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 523
Immunity
Role of NF-kB in Thymocyte Selectionrole for NF-kB in CD8+ T cells, another study reported that DP
(CD4+CD8+) thymocytes from transgenic mice expressing the
mutant IkB are resistant to anti-CD3-mediated apoptosis
in vivo, although they remained sensitive to apoptosis induced
by g-irradiation (Hettmann and Leiden, 2000). Therefore, NF-kB
appears to be required for anti-CD3-mediated apoptosis of DP
thymocytes through a pathway distinct from that used for sur-
vival of b-selected cells or CD8+ T cells. Therefore, NF-kB might
play both a proapoptotic or antiapoptotic role in thymocytes,
depending on the stage of development.
Our previous study on the regulation of NF-kB in thymocytes
with the kB-luciferase transgenic mice shows that CD8+SP
thymocytes have far higher levels of active NF-kB in comparison
to CD4+SP thymocytes. The differential expression of NF-kB in
these subsets is therefore consistent with results showing that
inhibition of NF-kB activity in thymocytes leads to a dispropor-
tionate loss of CD8+ T cells (Hettmann and Leiden, 2000). In ad-
dition, the level of the antiapoptotic factor Bcl-2, whose expres-
sion in early DN thymocytes is mutually antagonistic to NF-kB, is
highly expressed in CD4+ T cells but not in CD8+ T cells (Voll
et al., 2000). Therefore, active NF-kB in CD8+ thymocytes might
facilitate their survival, similar to the role of NF-kB in b-selected
thymocytes. However, an important question that remained
unanswered was whether the CD8-specific activation of NF-kB
also contributed to the specific differentiation events that lead
to the generation of CD8+ T cells.
To more carefully examine the role of NF-kB in generation and
survival of CD4+ and CD8+ thymocytes, we used transgenic (Tg)
mice expressing either the superrepressor form (SR) of IkBa
(Nfkbia-SR) or the constitutively active (CA) form of IKKb
(Ikbkb-CA) for further analysis. We report that NF-kB played an
important role in determining the threshold of signaling that
determines positive and negative selection, but only in class
I-restricted CD8+ T cells. The loss of CD8+ T cells seen upon in-
hibition of NF-kB probably reflects a combination of fewer DP
cells differentiating into the CD8 lineage and decreased survival,
because CD8+ T cells have substantially lower amounts of the
prosurvival factor Bcl-2 in comparison to CD4+ T cells. There-
fore, the studies in this paper revealed a surprising difference
in the regulation of NF-kB in CD4+ and CD8+ thymocytes, sug-
gesting that NF-kB activation contributed to both the establish-
ment of thresholds of signaling that determine positive or nega-
tive selection and survival of CD8+ thymocytes.
RESULTS
Generation and Characterization of IKKb
Transgenic Mice
To examine the role of NF-kB in thymocytematuration in vivo, we
analyzed transgenic mice expressing a constitutively active form
of IKKb (which is referred to as Tg-Ikbkb-CA) under the control of
a proximal Lck promoter. We obtained three transgenic lines
(#11, #14, and #17), two of which (#11 and #17) showed relatively
high expression of the transgene as revealed by immunoblot
analysis of thymocytes (data not shown). We further increased
the amount of transgene expression by crossing the mouse lines
11 and 17 (Figure 1A, upper panel). The IKK kinase activity mark-
edly increased in the thymus from Tg-Ikbkb-CA mice (Figure 1A,
lowerpanel).Moreover, expressionof the transgenewasobserved524 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.in DN,DP,CD4SP, andCD8SP cell populations, as determinedby
FACS analysis for the FLAG epitope on the transgene (data not
shown). The constitutive, nuclear NF-kB DNA-binding activity in-
creased in manner dependent on transgene dose (Figure 1B, up-
per panel). Asacontrol,Oct-1DNA-bindingactivitydidnot change
appreciably (Figure 1B, lower panel). Antibody supershift experi-
ments demonstrated that the DNA-protein complex contained
predominantly p50:p65 heterodimers (Figure 1B, right panel).
Because NF-kB regulates the expression of various members
of the NF-kB and IkB family of proteins, we compared the ex-
pression of NF-kB and IkB proteins in thymocytes from wild-
type (WT) and Ikbkb-CA transgenic mice with immunoblotting
analysis. The expression of only RelB and IkB3 was dramatically
increased in IKKbEE mice (data not shown and Figure 1C, left
panel), probably because the promoters of these genes are
regulated by NF-kB. Surprisingly, IkBa, whose gene promoter
is also regulated by NF-kB, was barely detectable in the Tg-
Ikbkb-CA mice (Figure 1C, left panel). We therefore examined
the expression of mRNA for IkBa in Tg-Ikbkb-CA thymocytes.
The basal expression of IkBa mRNA in the Tg-Ikbkb-CA thymo-
cytes was much higher than that seen in WT thymocytes and
could only be further increased slightly after the treatment with
the NF-kB inducer PMA (Figure 1C, right panel). These data
therefore demonstrated that although the IkBamRNA is synthe-
sized in increased amounts in the Ikbkb-CA transgenic thymo-
cytes, the synthesized IkBa protein was most likely continuously
hyperphosphorylated and degraded.
We next examined whether the increased activity of NF-kB in
the transgenic animals resulted in an altered thymic phenotype.
Thymic atrophy, characterized by 30% average loss of organ
weight and a similar reduction in the number of thymocytes,
was observed in Tg-Ikbkb-CA mice. The formation of thymic
medulla was more affected than the cortex (data not shown).
Flow-cytometric analysis indicated that the number of DP cells
was reduced in a transgene-dependent manner (Figure 1D). In
contrast to IkBa superrepressor (SR) mice, as described previ-
ously (Hettmann and Leiden, 2000), the number of CD4SP cells
was most severely affected in the Tg-Ikbkb-CA mice (Figures
1D and 1E, upper panels). This effect was much more apparent
in homozygous transgenic animals. The effect of the transgene
was independent of TCR expression, as shown for CD8+SP cells
(Figure 1E, lower panel). It hasbeen reportedpreviously that upon
TCR signaling, DP thymocytes initially become CD4+CD8lo inter-
mediate thymocytes, and then if signaling from the TCR ceases,
these cells further differentiate into CD8SP cells (Yasutomo
et al., 2000).However, if theTCRsignal persists, the cells differen-
tiate into CD4SP cells. In Tg-Ikbkb-CA heterozygous animals, al-
though we detected CD4+CD8lo intermediate thymocytes, their
numbers were greatly reduced (Figure 1D, boxed regions). It is
therefore possible that the decrease in the number of the interme-
diate thymocyte population leads to the decreased number of SP
cells in the Tg-Ikbkb-CA homozygous animals (Figure 1E).
Although T cell subsets are established during the differentia-
tion of immature precursors in the thymus, the ultimate outcome
of T cell development is establishment of normal T cell popula-
tions in the periphery (von Boehmer, 1992). It has been shown
previously that the number of peripheral CD8+ T cells is reduced
by 50% in Tg-Nfkbia-SR mice. In contrast, in the Tg-Ikbkb-CA
mice the numbers of both mature CD4+ and CD8+ T cells
Immunity
Role of NF-kB in Thymocyte SelectionFigure 1. Generation of Transgenic Mice Expressing a Constitutively Active IKKb, Tg-Ikbkb-CA, in Thymocytes
(A) Protein expression level (upper panel) and kinase activity (lower panel) of the Ikbkb-CA transgene in thymus in Ikbkb-CA transgenic line #113#17.
(B) EMSA of NF-kB and Oct-1 DNA-binding activity in thymocytes from Ikbkb-CA transgenic line #113#17 (left panel). Supershift analysis of thymic nuclear
extracts from Tg-Ikbkb-CA+/+ mice (right panel).
(C) Expression levels of NF-kB and IkB family members in WT and Tg-Ikbkb-CAIkbkb-CA thymocytes were examined by immunoblotting (left panel). Total RNA
was isolated from thymoctes treated with or without PMA for 4 hr from wild-type (WT) and Tg-Ikbkb-CA+/+ mice and then analyzed the expression of IkBamRNA
by RNA blot (right panel).
(D) Single-cell suspensions of thymocytes from WT, heterozygous, and homozygous mice were stained with anti-CD8-PE and anti-CD4-Quantum red (QR)
antibodies and analyzed by flow cytometry (upper panel). Single-cell suspensions of splenocytes from WT, heterozygous, and homozygous mice were stained
with TCRab-FITC and B220-PE antibodies and analyzed by flow cytometry.
(E) Absolute numbers of DP, CD4SP, and CD8SP thymocytes fromWT, heterozygous, and homozygousmice (upper panels). Absolute numbers of CD8SP cells in
TCRhi and TCRlo thymocytes from WT, heterozygous, and homozygous mice are shown in the lower panel.
(F and G) Histograms show expression of TCRb in CD4SP, CD8SP, or DP thymocytes (F) and CD5 and CD69 in DP thymocytes (G) in Tg-Ikbkb-CA. The thin lines
represent WT and thick lines represent Tg-Ikbkb-CA thymocytes, respectively.decreased dramatically in the periphery, although the total num-
ber of B cells was unaltered (Figure 1D, lower panel).
The transition of thymocytes from DP to SP cells is associated
with upregulation of TCR expression. DP thymocytes normally
express relatively low amounts of TCR, but during positive selec-
tion, the TCR is upregulated and SP cells ultimately express high
amounts of TCR (Ohashi et al., 1990). There is, however, a sub-
population with intermediate amounts of TCR expression thatcorresponds to cells that have initiated positive selection and
are transitional between DP cells and SP cells. Flow-cytometric
analysis showed that SP thymocytes expressing high levels of
TCR were reduced in the transgenic animals, whereas thymo-
cytes expressing low or intermediate levels of the TCR remained
(Figure 1F). It is well recognized that induction of positive selec-
tionbyTCRsignaling inDP thymocytes also leads to upregulation
of CD5 and CD69 expression (Azzam et al., 1998; Moore et al.,Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 525
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normal and have a higher percentage of cells expressing an inter-
mediate amount of TCRab (Figures 1F and 1G). In contrast, the
expression level of CD69 in Tg-Ikbkb-CA DP cells was almost
comparable (Figure 1G). In Tg-Ikbkb-CA mice, a subpopulation
of CD4+ cells with intermediate to low CD8 expression and high
expression of CD5 and TCRwas also observed (data not shown).
These cells probably represent an intermediate population of
cells that have initiated selection in response to TCRengagement
(Lucas and Germain, 2000; Suzuki et al., 1995).
To exclude the possibility that loss in thymic cellularity was due
to lineage redirection, in particular to gd T cells, the number of gd
T cells in both the thymus and lymph nodes was examined from
bothWTandTg-Ikbkb-CAmice.Fluorescence-activatedcell sort-
Figure 2. Neither Bcl2 TG Mice nor Faslpr/lpr
Mice Rescue T Lymphocyte Differentiation
in Thymus and in Spleen of Tg-Ikbkb-CA
Mice
Composition of thymocyte and splenocyte sub-
sets was analyzed in Tg-Ikbkb-CA, Tg-Em-Bcl2,
and Tg-Ikbkb-CA3Bcl2 mice (A) and in Tg-Ikbkb-
CA, Tg-Faslpr/lpr, and Tg-Ikbkb-CA3Tg-Faslpr/lpr
mice (B) by flow cytometry. Single cells from
thymocytes from these mice were stained with
anti-TCRb-FITC or anti-Fas-FITC, anti-CD8-PE,
and anti-CD4-QR and analyzed by flow cytometry.
(C) Absolute numbers of CD4SP thymocytes from
WT, Tg-Ikbkb-CA, Tg-Faslpr/lpr, and Tg-Ikbkb-CA3
Faslpr/lpr mice.
ing (FACS) analysis showed that the num-
ber of gd T cells was not notably different
between Tg-Ikbkb-CA and WT mice (Ta-
bles S1A and S1B, available online).
Together, these resultsshowed thatcon-
stitutiveactivationofNF-kB ledtoamarked
reduction in theCD4SP thymocyte popula-
tion and CD8SP thymocyte population,
although to a lesser extent. Moreover, the
pattern of expression of CD5, CD69, and
TCR, and the existence of a subpopulation
of CD4+ cells with intermediate to low CD8
expression, on WT and Tg-Ikbkb-CA DP
cells, suggested that Tg-Ikbkb-CA DP thy-
mocytes initiate positive selection.
Neither Bcl2 Transgenic Mice nor
Faslpr/lpr Transgenic Mice Rescued
the Reduction of SP T Cells
in Tg-Ikbkb-CA Mice
The Bcl-2 family of proteins is composed
of multiple members that function either
as pro- or as antiapoptotic proteins. Bcl-
2 is highly expressed in immature DN thy-
mocytes (Sentman et al., 1991; Strasser
et al., 1991). Its expression is downregu-
lated in DP cells, and it is then re-ex-
pressed inmatureSPcells,with fargreater
expression in CD4+ T cells. On the other
hand,Bcl-xL is highly expressed inDPcells and is thendownregu-
lated in SPcells (Hettmannet al., 1999). The ectopic expressionof
Bcl2 transgene rescues some thymocytes from deletion due to
apoptosis, particularly those that die by neglect (Hare et al.,
1998). Indeed, a block in thymocyte development caused by
loss of survival signals can be restored by the ectopic expression
of Bcl-2 protein (Kondo et al., 1997). To test whether Bcl-2 may
rescue the DP cells that are lost in the Tg-Ikbkb-CA mice, we
bred the Tg-Ikbkb-CA mice onto Em-Bcl2 transgenic mice. Al-
though normal numbers of total thymocytes were observed in
these mice, the population distribution was somewhat altered
as compared to Tg-Ikbkb-CA mice or WT controls. These thymi
contained a very large DP population (approximately 90%), but
very few DN, CD4SP, and CD8SP cells (Figure 2A). Interestingly,526 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.
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thymocytes with high TCRab expression could be detected in
Ikbkb-CAxxBcl2 transgenic mice (Figure 2A). Therefore, although
theBcl2 transgene enhanced the survival of DP cells of Tg-Ikbkb-
CA mice, it did not restore the differentiation into SP cells even
though a proportion of DP thymocytes in Ikbkb-CAxBcl2 trans-
genicmice have increased TCR levels and aremidway in the tran-
sition from DP cells to SP cells.
It has been shown previously that NF-kB is an important medi-
ator of activation-induced FasL expression and subsequent cell
death when T cells are treated with crosslinking TCR antibodies
(Kasibhatla et al., 1998). To test whether NF-kB-dependent
upregulation of FasL contributes to the loss of thymocytes in
Tg-Ikbkb-CA mice, we crossed the Tg-Ikbkb-CA mice with
Tg-Faslpr/lpr mice and then analyzed the CD4 versus CD8 profile
of thymocytes and splenocytes (Watanabe-Fukunaga et al.,
1992). The transcription of the gene encoding Fas is impaired in
lprmice by the insertion of the transposable element into the in-
tron of the gene. The CD4 versus CD8 profile (Figure 2B) showed
that inhibition of Fas expression did not rescue thymocyte differ-
entiation defects in Tg-Ikbkb-CA mice, although it did lead to an
increase in the total number of thymocytes (Figures 2B and 2C).
It has been reported that Nur77, an orphan member of the ste-
roid nuclear receptor superfamily, plays a central role in thymo-
cyte negative selection (Cho et al., 2003), and Nur77 expression
is implicated in regulating the gene encoding FasL (Matsui et al.,
1997). Therefore, we compared the degree of Nur77 expression
in thymocytes from both Tg-Ikbkb-CA and WT mice by FACS
analysis. Nur77 did not change in thymocytes of both Tg-Ikbkb-
CA andWT thymocytes (data not shown), suggesting that induc-
tion of Nur77 expression was independent of NF-kB activation.
These results therefore suggest that increased amounts of
FasL in Tg-Ikbkb-CA mice might affect overall thymocyte num-
bers by affecting cell death but are not responsible for the block
in differentiation.
NF-kBTranscriptional Activity Increased during Positive
Selection and in CD8+TCRhi Thymocytes
Previous studies have shown that increased NF-kBDNA-binding
activity is observed in CD69+ thymocytes undergoing positive
selection (Moore et al., 1995). However, these CD69+ cells
include both DP and CD4SP cells. We therefore first isolated
DP cells and then further fractionated them according to the ex-
pression of CD69. Whereas the NF-kB DNA-binding activity was
greater in nuclear extracts of CD69+DP thymocytes (Figure 3A,
upper panel), the binding of the constitutive Oct-1 transcription
factor did not exhibit the same difference between these
CD69+ and CD69 DP thymocytes (Figure 3A, lower panel). To
determine whether the difference in NF-kB DNA-binding activity
was reflected in the transcriptional activity of NF-kB, we used the
kB-luciferase reporter transgenic mice to isolate CD69DP,
CD69+DP, CD4+TCRhi, and CD8+TCRhi thymocytes. Consistent
with the DNA-binding activity, transcriptional activity of NF-kB
increased during the transition from CD69DP to CD69+DP
thymocytes. These results suggested that activation of NF-kB
can be correlated with the activation of DP thymocytes undergo-
ing selection. NF-kB activity was greater in the CD8+TCRhi pop-
ulation. Little luciferase activity was detected in CD4SP cells
(Figure 3B). These results showed that NF-kB activity correlatedwith the initial transition of DP cells into CD8SP cells, but not
CD4SP cells.
Modest Impairment of Thymocyte Positive Selection
in Tg-Ikbkb-CA Mice When Crossed to an MHC Class
I-Restricted TCR Transgenic Mice
A possible explanation for the dramatic reduction in the number
of mature thymocytes in Tg-Ikbkb-CA mice, in particular CD4+
T cells, might be dysregulated positive or negative selection.
However, it was difficult to explore the complex process of thy-
mocyte selection inmice with a diverse T cell repertoire. To over-
come this difficulty, we used transgenic mice expressing TCRs
of defined specificity. We examined the effect of Tg-Ikbkb-CA
on MHC class I-restricted positive selection by using the HY
TCR transgenic mice. Thymocytes expressing the HY-specific
TCR are positively selected along the CD8 lineage in female
mice but are deleted in male mice (Teh et al., 1988). As shown
in Figure 4A, the total number of thymocytes in HY3Tg-Ikbkb-
CA mice was substantially reduced (40%) compared to
HY3WT thymocytes. We observed a large increase in the
Figure 3. NF-kB Activity during Positive and Negative Selection
(A) Single-cell suspension of total thymocytes was stained with anti-TCRb-
FITC, anti-CD69-PE, anti-CD8-QR, and anti-CD4-APC. Nuclear extracts of
CD69DP and CD69+DP cells were analyzed by EMSA for NF-kB and Oct-1.
(B) Luciferase activity of thymocyte population during selection. Total cell ex-
tracts were prepared from thymocyte populations, and then luciferase activity
was measured.Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 527
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Role of NF-kB in Thymocyte SelectionFigure 4. Impaired Thymocyte-Positive Selection in Tg-Ikbkb-CA Mice, MHC Class I-Restricted TCR Transgenic Mice
(A) Total thymocyte number from 6-week-old female HY3WT and HY3Tg-Ikbkb-CA mice (upper panel). Histograms show Annexin V-FITC staining in total
thymocytes from HY3WT and HY3Tg-Ikbkb-CA mice (lower panel).528 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.
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(Figure 4A, lower panel). The decrease in the number of the
different thymocyte populations is demonstrated as a graph in
Figure 4B. Interestingly, although the number of DP and SP
thymocytes decreases dramatically upon expression of Tg-
Ikbkb-CA, the number of DN cells is increased as a result of
the antiapoptotic role of NF-kB during b-selection. Flow-cyto-
metric analysis showed that the expression of the transgenic,
clonotypic TCR was uniform and increased in the HY3Tg-
Ikbkb-CAmice relative to HY3WTmice (Figure 4C, upper panel).
Additionally, when total thymocytes were gated on the HY TCRhi
cell population, the proportion of CD8SP cells decreased relative
to the DN and DP thymocytes in HY3Tg-Ikbkb-CA mice
(Figure 4C, lower panel). To determine whether the change in
the percentage of CD8SP cells is confined to phenotypically ma-
ture CD8SP cells, we examined the expression of cell-surface
markers that are developmentally regulated during the DP to
SP transition, such as CD5, CD69, and HSA, again gated on
the HY TCRhi cell population. Expression of CD5 was increased
in both DP and CD8SP cells of HY3Tg-Ikbkb-CA mice
(Figure 4D, left panel), whereas CD69 was mainly increased in
DP cells (Figure 4D, middle panel). The expression of HSA is
downregulated in mature SP thymocyte (Marodon and Rocha,
1994). Although the number of HSA-negative cells in CD8SP
was decreased, most of CD8SP cells are HSA negative in Tg-
Ikbkb-CAmice (Figure 4D, right panel). Hence, these results sug-
gest that although the number of CD8SP cells was reduced in the
HY3Tg-Ikbkb-CA mice, the CD8SP cells that remained were
normal. This was because the expression of CD5 was higher,
and both CD69 and HSA were even lower than that of CD8SP
cells in HY3WT mice. Although we do not exactly know why
the number of CD8SP cells was decreased, a likely possibility
is that hyperactivation of NF-kB pushes a portion of positively
selecting CD8+ T cells to negative selection.
Negative selection in HY male mice is characterized by mark-
edly reduced thymocyte numbers and near absence of DP and
SP thymocytes, a profile that may be characteristic of negative
selection that occurs early in the DP stage of development.
Activation of NF-kB did not rescue HY TCR transgenic DP thy-
mocytes from negative selection in male mice, and both total
thymocyte and DP cell number were almost comparable in the
HY3WT and HY3Tg-Ikbkb-CA mice (Figure 4E).
The HY TCR transgenic mouse is believed to be a model for
a weakly selecting TCR (Teh et al., 1988). To test whether NF-kB
affects MHC class I-positive selection for a strongly selecting
TCR, we usedmice transgenic for theOT-I TCR, which is specific
for ovalbumin (OVA) peptide in the context of H-2b (Clarke et al.,2000). We first compared the expression of CD5 by gating on
transgenic TCRhiCD8SP cells of OT-I TCR transgenic mice and
HY TCR transgenic mice, because the differences in CD5 re-
flects differences in the avidity of the positively selecting interac-
tion (Azzam et al., 1998). Although the natural selecting ligands
for these TCRs are unknown, their relative avidity can be inferred
by the efficiency of positive selection (Jameson et al., 1995). The
expression of CD5 on transgenic TCRhiCD8SP cells of OT-I TCR
transgenic mice was higher than that of HY TCR female trans-
genic mice, suggesting that OT-I TCR displays a greater affinity
for its ligand than the HY-TCR (Figure 4F). As shown in Figure 4G,
the expression of the clonotypic TCR in OT-I3Tg-Ikbkb-CAmice
was almost comparable to OT-I3WT mice. However, the total
cell number was reduced about 50% (13 3 107 versus 7 3 107)
with the most dramatic effect being confined to CD4SP cells
(Figure 4G, lower right panel). The constitutive activation of NF-
kB, however, had amuchmilder effect on CD8 positive selection
in these mice. Therefore, overall the effect of the Tg-Ikbkb-CA
transgene on positive selection was similar in two different class
I-restricted TCR transgenic mice that expressed TCRs of differ-
ent affinities.
Inhibition of NF-kB activity Altered Both Positive
and Negative Selection in MHC Class I-Restricted
TCR Transgenic Mice
As has been reported previously, the numbers of CD8SP cells
are decreased in Tg-Nfkbia-SR mice (Hettmann and Leiden,
2000). To determine whether inhibition of NF-kB alters positive
or negative selection in MHC class I-restricted TCR transgenic
mice, we bred Tg-Nfkbia-SR mice onto HY-TCR transgenic
mice. The HY TCR expression was comparable in both
HY3WT and HY3Tg-Nfkbia-SR female mice, although the num-
ber of the HY TCRhi cell population decreased slightly (Figure 5A,
upper panel). When total thymocytes were gated on HY TCRhi
cells, the proportion of DP and CD8SP cells decreased and
agreater percentage ofDN thymocyteswasobserved (Figure 5A,
lower panel). Among the differentiation cell-surface markers,
HSA expression was still higher gating on HY TCRhi CD8SP cells
of HY3Tg-Nfkbia-SR mice (Figure 5B, lower right panel). Down-
regulation of HSA expression normally occurs as a late event
during SP thymocyte maturation, and low amounts of HSA ex-
pression correlates with increased maturation. Taken together,
these results suggest that the inhibition of NF-kB inhibits the
maturation of CD8SP cells (Figure 5B).
Hettmann and Leiden (2000) have shown that inhibition of
NF-kB prevents CD3-antibody-induced DP thymocyte deletion.
Although injection of CD3 antibody is not likely to be a very(B) Absolute numbers of DP, CD4SP, CD8SP, and DN thymocytes from HY3WT and HY3Tg-Ikbkb-CA mice.
(C) Histograms show the expression of HY TCR (T3.70) in total thymocytes (upper panel). Analysis of CD4+ andCD8+ population gating onHY TCRhi cells in female
HY3WT and HY3Tg-Ikbkb-CA mice (lower panel). Thymocytes were stained with anti-HY TCR (T3.70)-FITC, anti-CD8-PE, and anti-CD4-QR antibodies.
(D) Histograms show the expression of developmental markers, CD5, CD69, and HSA, on both DP and CD8SP in gating on HY TCRhi cells. The thin black lines
represent WT and thick blue lines represent Tg-Ikbkb-CA thymocytes, respectively.
(E) Analysis of CD4+ and CD8+ population in male HY3WT and HY3Tg-Ikbkb-CA mice. Thymocytes and splenocytes were stained with HY TCR (T3.70)-FITC,
CD8-PE, and CD4-QR antibodies.
(F) Comparison of CD5 expression on thymocyte from HY and OT-I TCR transgenic mice. Histogram represents CD5 staining in gating on transgenic TCRhi
CD8SP cells. The thin line represents HY TCR transgenic thymocytes and the thick blue line represents OT-I TCR transgenic thymocytes, respectively.
(G) Histogram shows the expression of OT-I TCR (Va2) in total thymocytes (upper panel). The thin line represents WT and the thick blue line represents Tg-Ikbkb-
CA thymocytes, respectively. Analysis of CD4+ and CD8+ population in gating on OT-I TCRhi cells in OT-I3WT and OT-I3Tg-Ikbkb-CA mice (lower panel).
Thymocytes were stained with Va2-FITC, CD8-PE, and CD4-QR antibodies.Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 529
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Role of NF-kB in Thymocyte SelectionFigure 5. Inhibition of NF-kB Alters Both Positive and Negative Selection in MHC Class I-Restricted TCR Transgenic Mice
(A) Histograms show the expression of HY TCR (T3.70) in total thymocytes (upper panel). Analysis of CD4+ and CD8+ population in gating on HY TCRhi cells in
female HY3WT and HY3Tg-Nfkbia-SR mice (lower panel). Thymocytes were stained with HY TCR (T3.70)-FITC, CD8-PE, and CD4-QR antibodies.
(B) Histograms show the expression of developmental markers, CD5, CD69, and HSA, on both DP andCD8SP in gating on HY TCRhi cells. The thin lines represent
WT and thick lines represent Tg-Nfkbia-SR thymocytes, respectively.
(C) Analysis of CD4 and CD8 population in male HY3WT and HY3Tg-Nfkbia-SR mice. Thymocytes were stained with HY TCR (T3.70)-FITC, CD8-PE, and
CD4-QR antibodies.
(D) OT-I mice were bred onto either Tg-Nfkbia-SR (B6 background:H-2b) (left panel) or Tg-Nfkbia-SR (B10.BR background:H-2k) (right panel) mice. Histograms
show the expression level of OT-I TCR (Va2) in total thymocytes. The thin line represents WT and the thick blue line represents Tg-Nfkbia-SR thymocytes,
respectively. Analysis of CD4+ and CD8+ population in gating on OT-I TCRhi cells in OT-I3WT and OT-I3Tg-Nfkbia-SR mice. Thymocytes were stained with
Va2-FITC, CD8-PE, and CD4-QR antibodies.physiological model for negative selection, it may be goodmodel
to examine early-stage negative selection because injection of
CD3 antibody causes the death of most DP thymocytes. To
examine the role of NF-kB in early-stage negative selection,
we analyzed HY3Tg-Nfkbia-SRmale mice. The HY TCR expres-
sion was comparable in both HY3WT and HY3Tg-Nfkbia-SR
male mice (Figure 5C, upper panel). Inhibition of NF-kB caused
a (approximately 4- to 5-fold) rescue of DP thymocytes in
HY male mice (Figure 5C, lower panel). The increased DP
thymocytes in HY3Tg-Nfkbia-SR male mice reflects impaired
negative selection rather than enhanced positive selection, or530 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.any general inhibition of apoptosis, because the positive selection
was impaired and total cell number inHY3Nfkbia-SR femalemice
did not change compared with HY3WT female mice (Figure 5A).
The OT-I TCR is positively selected on H-2b, whereas negative
selection predominates inH-2bxk heterozygotes because of allor-
eactivity toH-2kmolecule (Clarke et al., 2000). Inhibition of NF-kB
exerted a relatively modest effect on the development of CD8SP
cells under conditions of positive selection (Figure 5D, left panel).
In contrast, inhibition of NF-kB led to a slight increase in total cell
number in H-2bxk heterozygotes (Figure 5E, lower right panel).
The distribution of thymocytes according to high versus low
Immunity
Role of NF-kB in Thymocyte SelectionTCR expression was distinctly different in OT-I3WT and
OT-I3Tg-Nfkbia-SR mice (Figure 5E upper right panel). More-
over, the prevalence of mature clonotype-positive CD8SP cells
was increased (Figure 5D, lower right panel). Flow-cytometric
analysis showed that there were few Va2hiCD8SP cells in
OT-I3WTmice expressing H-2bxk. Thus, the inhibitory transgene
Nfkbia-SR imposed a significant block to negative selection of
a TCR by endogenous MHC class I molecules.
Positive Selection of MHC Class II-Restricted TCR
Transgenic Mice Was Completely Abolished
in Tg-Ikbkb-CA Mice
To further examine the effect of constitutively activatedNF-kBon
CD4+ T cell positive selection, we crossed Tg-Ikbkb-CA mice
with two TCR transgenic mice, which express MHC class II-
restricted TCRs of defined specificity. The AND TCR and the
1H3.1 TCR are both MHC class II-restricted TCRs and are
used as models for a strongly and a weakly selecting TCR, re-
spectively (Kaye et al., 1989; Viret et al., 2001). The AND TCR
is strongly positively selected in the H-2k and H-2b background,
as demonstrated by the pronounced accumulation of CD4SP
thymocytes. As seen in Figure 6A, there was a dramatic reduc-
tion in the total number of thymocytes in ANDIkbkb-CA trans-
genics compared with the wild-type or mice expressing the
AND TCR or the Ikbkb-CA transgenes alone. Consistent with
this, we observed an increase in Annexin V+ staining of thymo-
cytes (Figure 6A, lower panel), the majority of which were in the
DN and DP population (data not shown). Most strikingly, how-
ever, positive selection of CD4SP thymocytes was severely
impaired in the AND3Tg-Ikbkb-CA mice (Figures 6B and 6C).
A similar reduction of peripheral T cells was also observed in
the spleen of AND3Tg-Ikbkb-CA (data not shown). We next
examined the expression of the AND-specific TCR (Vb3). Fig-
ure 6C showed a reduction of AND-specific TCR expression in
AND3Tg-Ikbkb-CA mice. Thus, several features of the AN-
D3Ikbkb-CA transgenics were strikingly reminiscent of the thy-
mus of mice that express self-reactive transgenic TCRs, such
as the reduction in the total number of thymocytes, decreases
in the CD4+ T cell population and predominance of the DN pop-
ulation (Figures 6B and 6C). To address the possibility of whether
constitutively activated NF-kB converts MHC class II-positive
selection to negative selection even in amodel for weakly select-
ing TCR, we used mice transgenic for the 1H3.1 TCR, which is
specific for residues 52–68 of the a chain of I-E MHC (Viret
et al., 2001). The efficiency of positive selection was judged on
the basis of clonotypic TCR and CD5 expression in transgenic
TCRhi CD4SP cells. Positive selection of 1H3.1 thymocytes was
less efficient compared to AND mice (Figure 6D). When Tg-
Ikbkb-CA mice were bred onto 1H3.1-transgenic mice, we
once again observed massive reduction of total thymocytes
and CD4SP population and predominance of the DN population
(Figures 6E and 6F). To further confirm that the Ikbkb-CA trans-
gene directly affected positive or negative selection, rather
than simply caused a disruption of maturation such that cells
did not develop beyond the transition from DN into DP stage,
we bred the Tg-Ikbkb-CA mice onto AND mice on a MHC II-
deficient background. In the absence of a TCR ligand, an excess
of DP thymocytes was generated, suggesting that the transition
ofDN intoDP thymocyteswasnot affected in theAND3Tg-Ikbkb-CAmice. The total numberof thymocyteswasnot significantly dif-
ferent between AND3WT and AND3Tg-Ikbkb-CA mice in
an MHC II-deficient background (Figure 6G, upper panel). We
also observed accumulation of DP thymocyte in both AND3WT
and AND3Tg-Ikbkb-CA mice in an MHC II-deficient background
(Figure 6G, lower panel). Furthermore, previous data from
our laboratorydemonstrate that expressionof the Ikbkb-CA trans-
gene allows differentiation to the DP stage in a RAG-1-deficient
mouse that cannot assemble the pre-TCR. Consequently, these
results demonstrate that constitutive activation of NF-kB in an
MHC II-restricted TCR background led to loss of thymocytes by
probably converting positive selection to negative selection.
Inhibition of NF-kB Did Not Affect MHC Class
II-Restricted Positive or Negative Selection
As reportedpreviously, the number ofCD4SP thymocytes did not
change in Tg-Nfkbia-SR mice, suggesting that either NF-kB
activity is not necessary for maintenance of these cells or that
NF-kB is dispensable for MHC class II-restricted positive or neg-
ative selection. The differential expression of NF-kB activity in
CD8+ versus CD4+ thymocytes (Figure 3B, Voll et al. [2000]) is
also consistent with the hypothesis that whereas NF-kB activa-
tioncontributes to the thresholdof signaling necessary to achieve
positive and negative selection in the CD8+ T cell lineage, NF-kB
does not contribute to the establishment of signaling thresholds
necessary to achieve positive or negative selection in CD4
thymocytes. The dramatic loss of CD4+ thymocytes in AND and
1H3.1 class II-restricted transgenics when crossed to the
Ikbkb-CA transgenics was fully consistent with this hypothesis.
To further test this model, we crossed Tg-Nfkbia-SR mice with
the AND TCR transgenic mice. Although we observed the ex-
pected reduction of CD8lo population, which reflects Tg-Nfkbia-
SR mouse phenotype, dramatic accumulation of CD4SP cells
was still observed in AND3Tg-Nfkbia-SR mice (Figure 7A). Sim-
ilar results were obtainedwhen the Tg-Nfkbia-SRmicewere bred
onto 1H3.1 TCR transgenic mice (Figure 7B).
Because the inhibition of NF-kB inhibits negative selection of
class I-restricted TCR-expressing thymocytes, we wanted to
examine whether expression of the Nfkbia-SR transgene also
imposes a block in negative selection of class II-restricted
TCR-expressing thymocytes. Negative selection of AND TCR
predominates in I-Abxs heterozygotes because of alloreactivity
to the I-As molecule (Vasquez et al., 1992). AND3WT mice or
AND3Tg-Nfkbia-SRmicewere bred onto B10Smice to generate
I-Abxs heterozygotes. Thymocytes fromboth strains of transgenic
mice were found to lack a CD4SP population and accumulated
DN cells (Figure 7B). Also, because the B10A(5R) strain assem-
bles the I-Ab:Ea52-68 complex, when 1H3.1 mice were bred
onto B10A(5R) mice, 1H3.1 TCR-expressing thymocytes were
deleted (Viret et al., [2001] and Figure 7D). Dramatic reduction
of DP cells was observed in both 1H3.13WT and 1H3.13Tg-
Nfkbia-SR mice (Figure 7D). Thus, these results provide strong
support to the proposal that positive and negative selection of
CD4+ thymocytes is independent of NF-kB.
DISCUSSION
In this manuscript, we report that NF-kB plays a critical role in
positive selection of CD8+ thymocytes, and the activation ofImmunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 531
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Role of NF-kB in Thymocyte SelectionFigure 6. Positive Selection of MHC Class II-Restricted TCR Transgenic Mice Is Completely Abolished in IKKbEE Mice
(A) Total thymocyte number from 6-week-old AND3WT and AND3Tg-Ikbkb-CAmice (upper panel). Histograms show Annexin V-FITC staining in total thymocyte
from AND3WT and AND3Tg-Ikbkb-CA mice (lower panel).
(B) Absolute numbers of DP, CD4SP, CD8SP, and DN thymocytes from AND3WT and AND3Tg-Ikbkb-CA mice.
(C) Histogram shows the expression level of AND TCR (Vb3) in total thymocytes (upper panel). The thin line represents AND3WT, and thick lines represent
AND3Tg-Ikbkb-CA thymocytes, respectively. Analysis of CD4+ and CD8+ population in AND3WT and AND3Tg-Ikbkb-CA mice is shown (lower panel).
Thymocytes and splenocytes were stained with AND TCR (Vb3)-FITC, CD8-PE, and CD4-QR antibodies.
(D) Comparison of CD5 expression on thymocyte from AND and 1H3.1 TCR transgenic mice. Histogram represents CD5 staining in gating on transgenic TCRhi
CD4SP cells. The thin line represents AND TCR transgenic thymocytes and the thick line represents 1H3.1 TCR transgenic thymocytes, respectively.
(E) Comparison of total thymocyte number from 6-week-old WT or Tg-Ikbkb-CA mice bred onto some MHC class II-restricted transgenic mice. AND (I-Ek) mice
were bred onto either WT or Tg-Ikbkb-CA (I-Ek) mice. AND (I-Ab) or 1H3.1 mice were bred onto either WT or Tg-Ikbkb-CA (I-Ab) mice.
(F) Histograms show the expression level of 1H3.1 TCR (Vb6) in total thymocytes (upper panel). Analysis of CD4+ and CD8+ population in gating on 1H3.1
TCR-positive cells in OT-II3WTandOT-II3Tg-Ikbkb-CAmice is shown (lower panel). Thymocytes were stained with Vb6-FITC, CD8-PE, and CD4-QR antibodies.532 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.
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Role of NF-kB in Thymocyte SelectionFigure 7. Inhibition of NF-kB Does Not Have Any Influence for Positive or Negative Selection of MHC Class II-Restricted TCR Transgenic
Mice
(A) Analysis of CD4+ and CD8+ population in AND3WT and AND3Tg-Nfkbia-SR mice. Histogram shows the expression level of AND TCR (Vb3) in total thymo-
cytes. The thin line represents AND3WT and the thick line represents AND3Tg-Nfkbia-SR thymocytes, respectively. Thymocytes were stained with TCR
(Vb3)-FITC, anti-CD8-PE, and anti-CD4-QR antibodies.
(B) Analysis of CD4+ and CD8+ population in 1H3.13WT and 1H3.13Tg-Nfkbia-SR mice. Thymocytes were stained with 1H3.1 TCR (Vb6)-FITC, CD8-PE, and
CD4-QR antibodies.
(C) AND3WTandAND3Tg-Nfkbia-SRmicewere crossedwith B10.Smice (H-2s). Thymocytes and splenocytes were stainedwith AND TCR (Vb3)-FITC, CD8-PE,
and CD4-QR antibodies.
(D) 1H3.13WT and 1H3.13Tg-Nfkbia-SR mice were crossed with B10.A(5R) mice. Thymocytes and splenocytes were stained with 1H3.1TCR (Vb6)-FITC,
CD8-PE, and CD4-QR antibodies.NF-kB helps establish the threshold of signaling required for
positive or negative selection of these cells. Our data showed
that constitutive activation of NF-kB led to nearly complete
loss of cells, probably because the signaling threshold for posi-
tive selection in CD4+ T cells is normally established in the
absence of NF-kB. Therefore, these findings implicate NF-kB
activation in DP thymocyte lineage decision and in the molecular
control mechanisms that shape the T cell repertoire during
development.
Previous studies from our laboratory that used transgenic ex-
pression of mutant IkBa to inhibit NF-kB demonstrate a loss of
CD8+ thymocytes (Voll et al., 2000). Those data also corrobo-
rated observations by Boothby et al. (1997) and Hettmann and
Leiden (2000), who also utilized a mutant IkBa superrepressor
system to inhibit NF-kB activity in thymocytes. More recently,
conditional knockouts of the genes encoding IKKb and IKKg
(NEMO) also reveal a specific reduction in the numbers of
CD8+ thymocytes (Schmidt-Supprian et al., 2003). Such
a CD8-specific effect of NF-kB can probably be explained byour demonstration, using kB-luciferase transgenic reporter
mice, that active NF-kB can only be detected in CD8+ SP thymo-
cytes. It is likely that NF-kB contributed to the survival of these
CD8SP cells similarly to its role in b-selected thymocytes be-
cause the amount of the survival factor Bcl-2 was lower in
CD8+ T cells compared to CD4+ T cells. A similar mutually antag-
onistic relationship between NF-kB and Bcl-2 is observed in DN
cells where subpopulations that had high NF-kB had very low
Bcl-2 and vice versa (Voll et al., 2000). Therefore, a simple expla-
nation for the selective loss of CD8+ thymocytes in this scenario
would be a prosurvival role for NF-kB in these cells.
An alternative explanation for the decrease in thymic cellularity
in our transgenic TCR experiments might be lineage diversion.
Indeed, it is known that premature expression of a transgenic
TCR-ab can result in redirection of thymocyte development to
gd, DN-TCRab, TCRab-CD8aa, and natural killer T (NKT) sub-
types (Egawa et al., 2008; Kreslavsky et al., 2008). Terrence
et al. (2000) reported that the thymus of mice with the HY or
AND TCR contained no gd cells and that this was due, at least(G) Total thymocyte number from 6-week-old AND3WT, AND3Ikbkb-CA, AND3WT3H2/, and AND3Tg-Ikbkb-CA3H2/ mice (upper panel). Analysis of
CD4+ and CD8+ population in AND3WT3H2/ and AND3Tg-Ikbkb-CA3H2/ mice. Thymocytes were stained with Vb3-FITC, CD8-PE, and CD4-QR
antibodies.Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc. 533
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tion being that there was an outgrowth of ‘‘gd-like’’ cells within
the DN population. However, we did not detect any increase in
gd cells in the Ikbkb-CA transgenic mice, which showed a drastic
reduction in CD4+ T cells, indicating that at least for the endog-
enous repertoire, expression of the Ikbkb-CA transgene did not
lead to significant lineage diversion. Also, if lineage diversion
were responsible for the dramatic loss in thymic cellularity in
our study, we would have expected to see it for both CD8+ and
CD4+ T cell populations and not as an almost exclusively CD4-
restricted phenomenon. Similarly, increasing NF-kB activity at
the same time as the expression of the transgenic TCR (both
the Ikbkb-CA transgene and the transgenic TCR used in
this study were under the control of an Lck promoter) should
have led to a reduction in both CD4+ and CD8+ T cell popula-
tions, which was not what we observed. Therefore, taken
together, these data provide strong evidence that a post-DN-
stage, NF-kB-dependent process governed the phenomenon
described in this paper.
The activation of NF-kB seen in DP cells expressing CD69,
a marker for positive selection, raises the possibility that NF-kB
might be playing an important role in earlier differentiation events
from DP to SP cells. To explore this question more deeply, we
utilized a number of defined transgenic TCR models—HY and
OT-I for class I MHC-restricted TCRs, and AND and 1H3.1 for
MHC class II-restricted TCRs—and crossed them with trans-
genicmice expressingNfkbia-SR or Ikbkb-CA to artificially inhibit
or activate NF-kB, respectively. These studies revealed a consis-
tent pattern where, in agreement with previous findings, inhibi-
tion of NF-kB blocked positive selection in CD8+ T cells but not
CD4+ T cells (Hettmann and Leiden, 2000). In contrast, forced
activation of NF-kB under conditions of positive selection led
to almost a complete loss of the CD4SP thymocyte population,
but only a modest decrease in CD8SP cells. Under conditions
of negative selection, however, inhibition of NF-kB activity led
to a block in negative selection of CD8+ T cells but not CD4+
T cells, in agreement with the study performed by Mora et al.
(Mora et al., 2001). However, these results were in contrast to
a prior study that failed to see a block in negative selection in
a HY model when NF-kB was inhibited by expression of a mu-
tated IkBa protein (Hettmann and Leiden, 2000). One possibility
for this apparent difference might lie in the nature of the mutant
IkBa used in the two experiments. We have used a superrepres-
sor form of IkBa where in addition to the two sites of phosphor-
ylation, residues that have been implicated for ubiquitination,
stability, and tyrosine phosphorylation have also been mutated.
Because tyrosine phosphorylation is an integral part of signaling
from the T cell receptor, mutating the site of tyrosine phosphor-
ylation may have influenced the effectiveness of the mutant
IkB protein. An alternative possibility may be the higher expres-
sion of the IkBa superrepressor in our transgenic animals, result-
ing in a more complete inhibition of NF-kB activity. Therefore, on
the basis of our results we conclude that NF-kB is activated
during positive and negative selection, but primarily in cells
that are destined to differentiate into CD8SP cells.
As reported previously, forced activation of NF-kB leads to an
increase in the number of DN cells in the DNIV stage. A candidate
target gene responsible for mediating this survival effect of NF-
kB in DN thymocytes is Bcl2a1a (Mandal et al., 2005), and the534 Immunity 29, 523–537, October 17, 2008 ª2008 Elsevier Inc.involvement of NF-kB in promoting survival is consistent with
its well-characterized role as an antiapoptotic factor. Hence,
the ability of hyperactivated NF-kB, in the Ikbkb-CA transgenic
mice, to promote apoptosis in later stages of development, par-
ticularly in CD4 cells, was quite surprising. The loss of thymus-
derived cells was even more pronounced in the periphery where
the number of mature, peripheral T cells was reduced by nearly
10-fold. The expression of the active IKK did not alter the prolif-
erative capacity of thymocytes or their ability to respond to stim-
ulation (data not shown), suggesting that the effect of hyperacti-
vating NF-kB on thymocyte survival was more complex. To
overcome the difficulty of following differentiation events with
a complex repertoire of T cell receptors, we used defined TCR
transgenics to follow the effect of inhibiting or hyperactivating
NF-kB. Our results clearly show that NF-kB plays an important
role in positive and negative selection of CD8SP cells.
It is known that stimulation of T cells through the T cell receptor
leads to the activation of three major effector transcription fac-
tors, namely, AP-1, NFAT, and NF-kB (Crabtree and Clipstone,
1994). Therefore, it is likely that the activation state of a T cell
is determined by the degree of activation of these transcription
factors. Various other signaling molecules, in addition to those
directly activated by the TCR, have also been suggested to par-
ticipate in the generation of signaling thresholds including E47
(Engel et al., 2001), Ikaros (Winandy et al., 1999), Txk, and Itk
(Schaeffer et al., 2000). Recent studies have also suggested
a more specialized role for ERK (Fischer et al., 2005) and a puta-
tive regulator RasGRP, a guanine-nucleotide exchange factor for
Ras (Dower et al., 2000). However, in all cases the link between
the activation of these pathways and apoptotic or survival path-
ways remains unclear. Although NF-kB is not directly regulated
by these molecules (e.g., the ERK pathway is more likely to up-
regulate AP-1 and NFAT), our studies clearly show an important
role for NF-kB in setting the threshold for selection, but only in
cells that differentiate into CD8 cells.
An intriguing finding in our study was the demonstration that
CD8SP thymocytes had constitutively activated NF-kB, whereas
their CD4+ T cell counterparts did not. One potential explanation
might be a heretofore uncharacterized link between NF-kB and
those signaling pathways and transcription factors recently re-
ported to influence thymocyte lineage choice and commitment.
These include the Runx factors, GATA-3, and the newly de-
scribed regulator Th-POK:c-Krox. Runx factors promote CD8
expression in the DN-to-DP transition and during the selection
and maturation of CD8SP cells. More specifically, it is Runx-1
that is responsible for Cd4 silencing in late DN thymocytes and
before b-selection, whereas it is Runx-3 that is responsible for
the Cd4 silencing in CD8SP thymocytes after positive selection
(Taniuchi et al., 2002). Indeed, Sato et al. (2005) demonstrated
by chromatin-immunoprecipitation analysis (ChIP) that Runx
proteins bind to the stage-specific Cd8 enhancer, as well as
the Cd4 silencer, in CD8SP thymocytes. Therefore, although it
is possible that NF-kB might influence, or be influenced by, reg-
ulators such as Runx proteins in late-stage thymocyte develop-
ment, demonstration of such links remains to be provided.
In summary the results described in this paper reveal an im-
portant role for NF-kB in differentiation of DP cells to CD8SP
cells, most likely by helping to establish the threshold of signaling
necessary for positive and negative selection. We therefore
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determining MHC class-I selection consists of AP-1, NFAT, and
NF-kB. Additional NF-kB activation by expression of Ikbkb-CA
transgene increases TCR signaling above the threshold for pos-
itive selection and pushes some of the cells into negative selec-
tion. However, if NF-kB activity in these cells is suppressed
through expression of the Nfkbia-SR transgene, a large number
of the cells fail to reach the signaling threshold for positive selec-
tion and die from death by neglect. In contrast, TCR signaling
during MHC class II selection does not lead to NF-kB activation
and hence comprises only AP-1 and NFAT components. En-
forced expression of NF-kB by expression of Tg-Ikbkb-CA has
a more drastic consequence in these cells because the activa-
tion of this transcription factor provides enough additional signal
to push most cells into negative selection, which we refer to
as ‘‘pseudo-negative’’ selection. However, because NF-kB is
not normally activated in these cells, inhibition of NF-kB by
Tg-Nfkbia-SR in these cells does not affect the selection pro-
cess. Additionally, the ability of hyperactivated NF-kB CD4+
T cells to undergo apoptosis provides a model system to help
determine how NF-kB, which in most other cases functions as
an antiapoptotic factor, can link TCR signaling to death path-
ways that are active in negative selection.
EXPERIMENTAL PROCEDURES
Mice
The Tg-Ikbkb-CA, Tg-Nfkbia-SR, and kB-luciferase mice have been described
previously. These mice were backcrossed with either B6 or B10.BR strain
more than ten generations. The HY and Abb(H2/) mice were purchased
from Taconic Laboratory. The Faslpr/lpr, AND (I-Ek), OT-I, B10.A(5R), and
B10S mice were purchased from The Jackson Laboratory. The Em-Bcl2
mice, AND (I-Ab), and 1H3.1 transgenic mice were kindly provided by K. Bot-
tomly and C. Viret (Yale University), respectively. Mice were housed at the Yale
Animal Resource Center, and experiments were performed in accordance with
the guidelines of the National Institutes of Health (NIH) and protocols approved
by the Institutional Animal Care and Use Committee.
Antibodies
Anti-TCRb-FITC (H57-597), anti-Va2-FITC (B20.1), anti-Vb3-FITC (KJ25), anti-
Vb6-FITC (RR4.7), anti-CD5-PE (53-7.3), anti-CD8a-PE, anti-CD8a-QR (53-
6.7), anti-HSA-PE (M1/69), anti-CD69-PE (H1.2F3), anti-CD45R(B220)-PE
(RA3-6B2), anti-CD4-QR, and anti-CD4-APC (GK1.5) were purchased from
BDPharMingen. The biotin-labeled T3.70 antibody against HY TCRwas kindly
provided by L. Gorelik (Yale University). Antibodies against p50, p52, p65,
RelB, and c-Rel for supershifs and IkBa, IkBb, and IkB3 for immunoblot were
purchased from Santa Cruz Biotechnology.
Flow Cytometry and Cell Sorting
Single-cell suspensions of lymphocytes were centrifuged and resuspended in
phosphate-buffered saline (PBS) containing 1% fetal calf serum (FCS). For
sorting of CD4SP or CD8SP thymocytes, cells were stained with anti-TCRb-
FITC, anti-CD69-PE, anti-CD8a-QR, and anti-CD4-APC for 30 min. Cells
were washed and resuspended in PBS/1% FCS and sorted on a FACS
Vantage flow cytometer (Becton Dickinson). For cytoflourometric analysis,
thymocytes were stained with individual antibody for 30 min on ice. Cells
were washed and analyzed with FACS Calibur flow cytometer (Becton Dickin-
son). FITC-Annexin V (PharMingen) was used according to the manufacturer’s
instructions. Cells were stained and analyzed by flow cytometry with standard
procedures.
Luciferase Assay
Preparation of cell lysate from thymocyte of kB-luciferase mice and carrying
out of luciferase analysis were described previously (Voll et al., 2000).Electric Mobility Shift Assay
EMSAs were performed as described previously (Voll et al., 2000). Samples
contained 5 mg of nuclear extracts and, for supershifts, 1 ml of each antibody.
Samples were incubated (1 hr, 4C) and then electrophoresed and visualized
by autoradiography.
Immunoblotting and Kinase Assay
All imuunoblotting was performed as described by Voll et al. (2000). Cells were
lysed in TNT buffer (20 mM Tris/HCl [pH 8.0], 0.2 M NaCl, 0.1% Triton X-100)
containing 1 mM DDT, protease inhibitors (pepstatin, aprotinin, leupeptin, and
PMSF), and phosphatase inhibitors (b-glycerophosphate, sodium fluoride, and
sodium orthovanadate). For kinase assays, the extracts from indicated thymo-
cytes were immunoprecipitated with antibodies against NEMO (IKKg) (Santa
Cruz), and the precipitates were used for kinase assays as previously
described (Voll et al., 2000). GST-IkBa was used as a substrate.
RNA-Blot Analysis
Total RNA was extracted thymocytes of WT or IKKbEE mice treated with or
without PMA for 4 hr. The total RNA (10 mg) was electrophoresed in 1.0% aga-
rose-formaldehyde gels, and RNA was transferred on nylon membrane filter.
Hybridization was performed by the manufacturer’s protocol of Northern
Max (Ambion).
SUPPLEMENTAL DATA
Supplemental Data includeone tableandone figure andcanbe foundwith this ar-
ticle online at http://www.immunity.com/supplemental/S1074-7613(08)00417-2.
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